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Abstract
Effective evaluation of CO2 storage capacity is essential for long-term planning and design of large-scale CCS.  To support 
ongoing field-testing of geological CO2 sequestration by the Southwest Regional Partnership on Carbon Sequestration (SWP), we 
are developing reservoir models to evaluate capacity and potential environmental impacts of large-scale CO2 injection.
Specifically, we are developing detailed models of CO2 injection of a combined sequestration and enhanced coalbed methane 
production project in the San Juan Basin, New Mexico, as part of the SWP’s field validation testing program.  Injection in San 
Juan Basin coals is slated to begin in late 2008. Our analytical and numerical model simulation results suggest that injection in
the Fruitland Coal formation will create significant pressure pulses that will migrate beyond its caprock, the low permeability 
Kirtland Shale formation, and impact formations above.  We used observed temperature and heat flow data to calibrate basin-
scale permeability, and our model results to date suggest that existing San Juan permeability measurements are underestimated 
compared to meaningful basin-scale values.  Local measurements typically ignore fractures, faults, and high velocity conduits 
which are abundant at the basin scale.  Simulation results indicate that the Fruitland Coal and other adjacent formations may 
carry much larger quantities of water and heat than previously anticipated.  Because of this significant regional permeability, we 
hypothesize that injection and production over long periods of time may affect regional hydrodynamics, but it is not clear if any 
impacts to underground sources of drinking water (USDWs) will occur because of their relative distance from injection sites.
This research is being carried out to support design and interpretation of ongoing field-testing by the Southwest Regional 
Partnership on Carbon Sequestration.  The authors gratefully acknowledge the U.S. Department of Energy and NETL for 
sponsoring this project.
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1.  Introduction
The injection of carbon dioxide into the subsurface has occurred previously - with the goal of producing methane.
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Recently it has garnered further consideration for use in long term carbon storage.  While numerous studies are 
being conducted, few emphasize the long term, basin scale environmental impacts of injection-production processes.
It is our belief that if significant impacts on global climate change can be made through subsurface carbon storage 
they will occur at this scale.  Basins such as the San Juan Basin, New Mexico and Colorado, are ideal for long term 
storage due to the presence of methane gas, high porosity injection formations, low permeability cap layers, and a 
stable tectonic setting.
In this study we examine the effects of long term subsurface storage through the injection of a fluid. Emphasis
was placed on the use of existing temperature data to calibrate basin scale permeability. These permeabilities are
believed to be underestimated throughout the basin, particularly those in the Fruitland Coal Formation (McCord, et
al, 1992). These permeabilities were varied and pressure pulse migration was monitored from the injection depth to
the surface.
Our results support the hypothesis that permeabilities have been underestimated. They also imply that cap layer
permeability will have a significant effect on pressure pulse migration and therefore regional hydrodynamics. This
suggests a potential impact on USDWs through lateral, subsurface migration.
2.  Hydrogeologic Framework
The San Juan basin is located in northwestern New Mexico and southwestern Colorado. It is a relatively large 
sedimentary basin, encompassing roughly 64,750 square kilometers. The basin is characterized by a wide range of 
topographic settings, including uplands, valleys, canyons, badlands, volcanic plugs, mesas, buttes, and hogbacks.
Elevations in the basin range from 4800 to 10600 feet (above sea level).  Areas of higher elevation, within and
outside of the basin, include the entire outer boundary of the basin including the Chuska, Carrizo, Zuni, Sierra 
Nacimiento, and Zuni mountains (Ayers and Kaiser, 1994).  The largest range is the San Juan Mountains, which are 
located entirely in the Colorado portion of the basin.
In addition, a particular area of recent extensive study is the Cuba Mesa region and the Pump Canyon drainage.
Cuba Mesa is located in the north central region of the basin in the coal fairway, approximately 24 kilometers west
of Navajo Lake and 40-50 kilometers southeast of Durango, CO and northeast of Farmington, NM.  Cuba Mesa is of 
interest because it is the site of ongoing injection testing for enhanced gas recovery and concomitant CO2 storage.
This region of the basin is extensively underpressured and therefore ideal for subsurface storage as well as methane 
production.
Table 1:  Standard Geologic Parameters in the San Juan basin
There are a number of major aquifers in the basin.
Most of these aquifers are unconfined and located within 
the Tertiary formations, which reach to depths of 1100 m
below surface elevation in some areas. More recently, the 
Fruitland Formation has been given consideration as 
capable of storing water as an aquifer. This is mainly due 
to high permeability zones, such as fractures and cleats, 
which both store and conduct water (McCord, et al, 1992).
However, unlike the Tertiary aquifer, the Fruitland aquifer 
is confined by the low permeability Kirtland Shale layer 
located above it (Figure 1).  Other aquifers include those 
located within deeper formations.  Wells in these 
formations are sparser due to average depth below the 
surface as well as poor water quality.  Additionally, all 
aquifers below the Lewis Shale are considered to be 
saline.  Geologic units located below the Morrison 
Formation and above the Precambrian basement do 
maintain some significant storage; however they are not 
considered major contributors to surface water supplies.
Formation
Porosity
(%)
Permeability
(mD)
Tertiary Formation 
(SS) 0.18 200
Kirtland Shale 0.1 .01
Fruitland Coal 0.3 100
Picture Cliffs 
Sandstone 0.15 15.5
Lewis Shale 0.05 0.0001
Mesaverde Formation 0.12 60
Mancos Shale 0.12 0.001
Dakota Formation 0.1 255
Morrison Formation 0.15 37
Summerville/Limestone 0.08 11
Entrada Sandstone 0.25 360
Chinle Formation 0.12 0.01
Paleozoic Undiv. Rocks 0.009 1.00E-10
Precambrian Basement 0.001 5E-14
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Geologic formations of significant importance for this study are the Fruitland Coal Formation and the Kirtland
Shale Formation.  The Fruitland Formation is the major coal bearing unit in the basin and typically ranges from 80-
125 m thick.  It has an average permeability of 100 mD and a porosity of .30.  The Kirtland formation, located 
directly above the Fruitland formation, is a lower permeability (.01 mD) cap layer.  It averages around 450 meters 
thick and has a porosity of .10 (Table 1).
Underground Sources of 
Drinking Water (USDWs) are 
major environmental concerns 
due to their critical relation to 
public health.  These sources 
may not necessarily be used 
for direct human 
consumption, but can also 
include water produced for 
irrigation, livestock, or other 
uses.
Wells producing water in 
the San Juan basin are 
required to meet specific 
criteria outlined by the 
Environmental Protection 
Agency (EPA).  The limit for 
produced water wells is 
10,000 milligrams per liter 
(mg/L) total dissolved solids 
(TDS).  Roughly 37% of the 
wells listed in the EPA’s produced water database in the basin meet this criterion (USGS, 2002).  However, in the 
mid 1990’s it was reported that 59% of wells sampled in the basin met the criteria (Kaiser, 1994).  Areas of the basin 
which tend to have TDS levels above 10,000 mg/L include the west-central and eastern regions.  These areas tend to 
be underpressured and also include many wells in high salinity or low permeability formations.  Production wells in 
the northern half of the basin tend to have TDS levels below 10,000 mg/L.  This is due mainly due to the presence of 
significant recharge areas, fractures, dynamic flow paths, and an active aquifer system, which introduce large fluxes 
of freshwater (Kaiser, 1994).
However, most of the USDWs present in the San Juan basin are at shallower depths due to the high levels of 
salinity and are typically located in tertiary sandstones (EPA, 2000).  Hydrologically, the Fruitland Formation could 
be considered a USDW; however, significant amounts of brackish water are produced during coalbed methane 
extraction, which would exceed TDS standards.  Areas with upward groundwater gradients often move water 
through the Fruitland Formation, causing an increase in TDS levels.  This is common throughout much of the 
discharge areas of the eastern, central, and western regions of the basin, but not as common in the southern and 
northern recharge areas.
3.  Thermal Sources and Heat Flow
The San Juan basin exhibits unique heat flow patterns.  This is partially due to the San Juan volcanic field, which
coincides with the northernmost portion of the San Juan basin.  A large volume of Oligocene volcanics associated 
with the field suggest that a large-scale thermal event occurred with magma rising from the mantle to form 
batholiths.  The volcanic field creates higher subsurface temperatures and heat flow values in the northern section of 
the basin, particularly compared to the southern half.  Clarkson and Reiter (1983) documented mean heat flow in the 
northern region of the basin at roughly 127 mW/m2 with a standard deviation of 42 mW/m2.  Mean heat flow in the 
southern section of the basin is 67 mW/m2 with a standard deviation of 4 mW/m2.  All measurements in this dataset 
were made at depths greater than 750 meters. In addition, the western half of the basin also experiences higher heat 
Era System Formation Relative Thickness (ft)
San Jose Formation 2500
Nacimiento Formation 500-1000
CENOZOIC Tertiary
Ojo Alamo Formation 250
Kirtland Shale 1500
Fruitland Formation 500
Picture Cliffs Sandstone 250-400
Lewis Shale 500-2000
Cliff House Sandstone 0-600
Menefee Formation 350-2200
Point Lookout Formation 100-300
Upper Mancos Shale
Gallup Sandstone
Greenhorn Limestone
Graneros Shale
Lower Mancos Shale
2300-2500
Cretaceous
Dakota Sandstone 150-300
Morrison Formation 400-900
Todilto Limestone 50-200
Jurassic
Entrada Sandstone 100-300
M
E
SO
Z
O
IC
Triassic Chinle Formation 500-1600
PALEOZOIC Permian Paleozoic Undivided Rock 1600-5500
Precambrian - Basement
Figure 1:  Stratigraphic Column Denoting Geologic Units in the San Juan basin
**(adapted from Huffman, 2004)
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flows than the eastern half, implying that the heat source within the volcanic field may be located in the western 
portion (Clarkson and Reiter, 1983).
Most of the heat flow measurements in the San Juan were recorded at depths of greater than 750 m at typically 1-
2 km.  Measurements at these depths tend to eliminate effects from topography, groundwater recharge and 
discharge, paleoclimate, and other groundwater movement.  However, high velocity flow conduits such as fractures
and faults may still play an important role, but theoretically lower permeabilities and porosities in deeper geologic 
formations should minimize groundwater flow effects.  Since heat flow and fluid flow regimes are often very 
similar, effects of groundwater hydrodynamics are important (Clarkson and Reiter, 1983).
The Fruitland Formation exhibits significantly high heat flow at depth, particularly in the northern reaches of the 
basin.  In addition, that the Fruitland transfers much more heat upward than it receives by conduction from lower 
formations.  It also coincides with a large heat flow increase despite the low regional conductivity of coal beds.
These measurements led McCord, Phillips, and Reiter (1992) to hypothesize that since heat is being conducted
upward faster than it is being conducted from below, that significant horizontal fluid flow must be occurring.
Hydraulic conductivities measured locally were not high enough to support this theory, which meant that they were 
underestimated or that thermal conductivities were overestimated.  However, overestimations of thermal 
conductivities are unlikely as supported by the behavior of coal aquifers during natural gas development in which 
pumping must begin at very low withdrawal rates to prevent well closure (McCord et al., 1992).
4.  Model Domain, Boundary, and Initial Condition Parameterization
Three separate models were used in this study.  Two pressure models were created in GEM (Generalized
Equation of State Model Compositional Reservoir Simulator) in 1-D and 3-D.  GEM has a number of numerical 
solution technique options.  The first is an adaptive-implicit solution scheme (Collins, et al, 1992). The adaptive-
implicit scheme is based on the idea that some grids are solved implicitly while the remaining grids are solved 
explicitly. Using the fully explicit scheme generally leads to fast computational times; however it can often be an 
unstable form of solution, particularly at large time steps. On the other hand, if small time steps are needed the fully
implicit scheme can lead to a stable solution. There is also an adaptive-implicit scheme, which increases solution 
stability by using the explicit scheme in some grid-blocks and the implicit scheme in other grid-blocks, thereby 
reducing overall simulation time and increasing efficiency. Because of these advantages, the adaptive-implicit
scheme is commonly used for reservoir simulation.
The determining factors as to which grid-blocks use the explicit scheme and which use the implicit scheme are 
based on stability criteria.  The degree of implicitness changes with time and therefore certain criteria must be 
specified to dictate when a grid-block is converted from implicit to explicit.  Originally Courant-Friedrichs-Lewy
(CFL) were the suggested criteria for the adaptive-implicit scheme used mainly in oil simulations (Russell, 1989).
Over time the CFL criteria were altered to adapt to reservoir simulators that handled methane production and three 
phase systems such as.
The three-dimensional model was developed for the basin scale, covering the entire surface area and volume, 
including depth, of the San Juan basin.  Therefore, surface, east, west, north, south, and bottom boundaries were 
established. The bottom boundary of the basin is a low permeability basement boundary and thus was assigned a 
now flow boundary.  This is because the basement rock is several orders of magnitude less permeable than 
surrounding layers and also because there would be very little deformation (compaction or otherwise) in the 
basement rock compared to compressible neighbouring layers.  The eastern, western, northern, and southern 
boundary edges were also assumed to be no flow, impermeable boundaries for hydrologic calculations.  These 
represent the San Juan basin boundaries and surface flow divides.
The top boundary of the grid coincides with the top of the saturated zone where atmospheric conditions are equal to 
pore pressures.  It is also a stress free (no compaction or expansion), ground-surface boundary with no fluid or
inputs from the atmosphere or above surface flow in this particular model. This boundary was also established as a 
constant-head boundary, calculated from atmospheric pressure at the surface elevation at each point for simulation 
purposes.  The same methodology and grid parameterization was applied to the 1-D model.
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Table 2:  Geologic Parameters used in TOUGH2 Simulations
The third model, focusing on heat flow and 
temperature, was created using TOUGH2 
(Transfer of Unsaturated Groundwater and Heat-
2).  TOUGH2 uses an integral finite difference 
method for space discretization, and first-order
fully implicit time differencing.  Physical 
properties of water are represented by equations 
provided internally based upon experimental 
data, including temperature properties (Preuss, 
1991). Data in Tables 1 and 2 were used as input 
parameters for this model.
The two-dimensional domain used for this 
study was a cross-section that bisected the basin 
at nearly vertical angle intersecting both 
Crownpoint and Navajo Lake.  It covered the 
entire length of the basin, reaching from the 
southwestern to the northeastern edge.
Therefore, the surface and bottom boundary conditions were assigned identical to those described for use in the 
three-dimensional grid.  The north and south boundaries, or side boundaries, are again both no-flow boundaries due 
to topographic flow divides at the edges of the basin.
5.  Pressure Analysis
One purpose of this study is to examine the effects of long term subsurface storage and hydrodynamic processes 
on the basin scale. Included is the impact subsurface injection may have on USDWs and surface water-ground
water interactions.  This will be done in the context of carbon sequestration, methane production, and related 
processes.  In particular, the study will focus on fluid flow coupled with pressure pulses and heat flow.
The “pressure pulses” of interest may be those caused by injection of water, e.g. for produced water disposal, also 
analogous to carbon dioxide injection for sequestration or storage.  The effects of injecting water, including induced 
pressure variation, was simulated using both a one- and three-dimensional, basin-scale model.  Pressure-length, or
the distance pressure travels through a geologic medium over a specified time, and transmissibility calculations were 
done both analytically and using numerical simulation.
The pressure length equation was used to estimate pressure pulse travel time and was applied to the 1-D and 3-D
modeling done in GEM.  The equation is given by,
s
l S
Kt
P          (1)
where Pl = pressure length; t = time; K = hydraulic conductivity; Ss = specific storage
This equation yields the length a pressure pulse will travel over a given amount of time for specified aquifer 
parameters of hydraulic conductivity and specific storage.  For the purpose of estimating travel time of a pressure 
pulse the equation was rearranged to solve for time based on the distance to each of the geologic formations from 
the injector well depth.  Hydraulic conductivity was based on the permeability values assigned (Table 1). Pressure 
lengths were calculated from the thickness of each geologic formation (Figure 1).
Pressure pulse migration was then evaluated numerically using one- and three-dimensional models in GEM.  The 
one dimensional model focused on variation of cap layer permeability over a 1,000 year time frame.  The three 
dimensional model simulated injection of water into the Fruitland formation over a 100 year period, while again 
varying cap layer permeability.
Average travel time through the Kirtland Formation is nearly 1,000 years based on published hydraulic 
conductivities (Table 2).  Per Freeze and Cherry (1975) the upper range of shales exhibit hydraulic conductivities 
Formation Density (kg/m3) Thermal
Conductivity (W/m 
K)
Tertiary 2450 2.40
Kirtland Shale 2725 1.76
Fruitland Coal 1150 0.90
Picture Cliffs Sandstone 2550 2.40
Lewis Shale 2800 1.74
Mesaverde 2675 2.29
Mancos Shale 2750 1.70
Gallup 2575 2.10
Dakota 2650 2,18
Morrison 2675 2.05
Limestones 1875 2.96
Entrada Sandstone 2350 2.28
Chinle 2660 2.08
Basement 3005 3.50
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around 10-9 m/s (.1 mD).  At this hydraulic conductivity travel time through the Kirtland Formation would take 100 
years.  However, it is much more likely that the permeability would be lower and therefore travel time would take 
significantly longer - considering Kirtland Shale permeability used in this study (.01 mD) is at the upper range of 
permeabilities reported in the basin.  Tertiary Unit and Fruitland Formation travel times are less significant with a 
Tertiary Unit travel time of 7.77 years and a Fruitland travel time of 13.5 days under base parameters.
Table 3:  Comparison of Analytical and Numerical Pressure Length Results
Kirtland
Shale
Permeability
(mD)
Pressure
Length
Analytical
Result
(yrs)
1D Pressure 
Length
Numerical
Result (yrs)
1D Percent 
Difference
(%)
Pressure
Length
Numerical
Result (yrs)
3D Percent
Difference (%)
100 7.91 2.01 74.6* 9.49 16.6
10 8.80 3.66 58.4 9.63 8.60
1 17.8 13.4 24.7 20.6 13.6
1 x 10-1 1.07 x 102 93.2 12.9 1.10 x 102 2.73
1 x 10-2 1.00 x 103 8.65 x 102 13.5 >1.00 x 103 NA
1 x 10-3 9.96 x 103 >10,000 NA NA NA
1 x 10-4 9.96 x 104 >10,000 NA NA NA
Total Average 
Percent
Difference (%)
27.4
Total Average 
Percent
Difference (%)
10.4
*Excluded from Total Average Percent Difference Calculation ( 1D statistical outlier)
Furthermore, the data in Table 2 suggests that three-dimensional model results have a higher correlation with 
analytical calculations than do one-dimensional results.  One may argue that the three-dimensional model focused 
on the 100 years post-injection, while the one-dimensional model simulated roughly 10,000 years.  However, results 
indicate that both models were more accurate as time increased.  In addition, it was determined that the time period 
of roughly 100 years was most important due to a number of economic, hydrogeologic, and social factors.
Additionally, results from the three-dimensional model suggest that vertical migration of injected fluids is 
minimal (unless Kirtland permeability is sufficiently high).  However, while lateral migration, as shown by 
horizontal pressure movement, is on the order of magnitude of 10-2 mPa, this trend may become increasingly 
important if injection rates and periods increase in the future.  Therefore, the potential to impact USDWs in the 
basin is present and will be discussed further in the next sections.
6. Temperature and Heat Flow Analysis
Since heat flow and fluid flow are coupled, this analysis emphasized each.  Heat flow data was used to calibrate
permeabilities utilized in all models as well as address the ideas of having a significant Fruitland Formation aquifer, 
underestimating basin scale permeabilities, and assessing lateral migration of both heat and fluid in the context of 
USDWs.
Initially, a steady state model was run with very low permeability values for each formation and allowed to 
equilibrate over hundreds of thousands of years.  This allowed conductive heat flow to be the dominate spreading 
mechanism.  Results from this initial simulation created the framework for further simulation.  They showed that in 
most areas the temperature gradient slopes at a near linear rate from the northern to southern half of the basin –
roughly 30 oC over 220 km.
After initial conditions were established and used for calibration, five simulations were conducted to test the 
sensitivity of regional fluid and heat flow to the Fruitland Coal formation permeability.  Emphasis was placed on the 
Fruitland Formation due to hypothesized underestimation of Fruitland Coal permeability.  By varying this 
parameter, we expected to see significant variation in local and regional fluid flow regimes and therefore heat flow 
regimes as well.  Fruitland Coal permeability is estimated to be between .1 and 15,000 mD depending upon the 
sample location (15,000 mD being fracture/cleat flow). Values used for these simulations ranged from 1 to 10,000 
mD.  This range of permeability led to variations in resultant flow fields.
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In addition, eight sites along the cross section of interest were analyzed.  Differences between field data and 
results from numerical simulations were plotted for each site.  It is important to note that the Fruitland formation is 
located at roughly 600 meters depth (1968 feet).  Therefore we expect the most extreme changes to occur around 
that depth.  One would assume that as Fruitland Permeability increases basin scale heat flow will also significantly 
increase.  This was generally the case for the cross section examined.  Particularly, the variation was most evident in 
the lower temperature, southern portion of the cross section.
7.  Discussion:
Pressure pulse migration time was an emphasis of this study and was calculated using numerous analytical and 
numerical methods.  Assuming that the analytical calculations are correct we can compare the ability of the both 
one- and three-dimensional GEM models to simulate pressure pulse migration caused by injection.  As seen in Table 
2, it is clear that three-dimensional model results have a higher correlation with analytical calculations than do one-
dimensional results.  One may argue that the three-dimensional model focused on the 100 years post-injection, while 
the one-dimensional model simulated roughly 10,000 years.  However, results indicate that both models were more 
accurate as time increased.  In addition, it was determined that the time period of roughly 100 years was most 
important due to a number of economic, hydrogeologic, and social factors.
Assessing the accuracy of analytical calculations is difficult, but lengths were taken to assure these results were 
as accurate as possible. By using high values of hydraulic conductivity and average values of specific storage we
hoped to analyze a maximum variation (or worst case scenario) that will potentially remain accurate over long
periods of time.
The heat flow results from TOUGH2 lead to a number of conclusions. First, they support the claim made by 
McCord, et al (1992) that Fruitland Formation permeabilities are being underestimated and high permeability flow 
paths are being ignored by many sampling techniques.  Particularly, lateral subsurface advection is occurring in a 
north-south direction through the basin.  In addition, they support the idea that underestimation of permeability is 
occurring in other formations, as is evident by the heat flow results from the southern portion of the cross section 
where the Fruitland Formation is non-existent.
Heat flow in the basin also has implications on USDWs.  Since significant lateral flows have been suggested 
before and reaffirmed by my work, then contamination of USDWs may readily occur, particularly during injection-
production activities that alter subsurface hydrodynamics.
Basin scale simulations using GEM also suggest that USDWs will be impacted over time.  Significant movement 
of high saline waters will be important mainly in formations above the Lewis Shale, which will act as a low 
permeability bottom cap layer.  Particularly, water moving laterally in the subsurface may impact the USDWs in the 
basin.  However, given the gradient of the basin most of the fluids will push toward the center of the San Juan basin 
rather than the northern sections where many of the USDWs exist. Table X shows basic statistics of USDWs, 
divided by location. These results suggest a number of interesting patterns.  First, local migration of high saline 
water in the eastern portion of the basin appears to be occurring.  The average depth of water that meets USDW 
standards and does not meet these standards is separated by roughly 750 feet in the northeast and 100 feet in the 
southeast.  However, the difference in the northeast can be explained by the presence of the low permeability 
Kirtland Shale formation, which acts as a cap layer at roughly 4000 feet.  The difference in the Southeast can be 
explained by the fact that most of the wells with TDS levels above 10,000 mg/L are located in the Picture Cliffs and 
Mesaverde Formations.  Each of these formations is sandwiched by low permeability cap units, which prevent 
vertical fluid migration.
Table 4:  Overview of San Juan basin USDW Statstics
The proposed injection site 
for the SWP well would be 
located in the Northeast
quadrant at roughly 4500-5000
feet depth in the Fruitland 
Formation.  This would be well 
below the average depth of 
wells that do not meet USDW 
standards.  At roughly 3,950 
Basin
Quadrant
Total
Number of 
Wells With 
TDS Data
Percentage of 
Wells Above 
USDW Standards 
(%)
Average
Depth of Wells 
Above USDW 
Standards (ft)
Average
Depth of Wells
Meeting USDW 
Standards (ft)
Northeast 58 41.4 3,950 3,196
Southeast 41 53.7 4,924 4,824
Northwest 21 33.3 4,143 2,702
Southwest 181 75.7 5,842 3,662
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feet, the average depth of wells that violate these standards is just below the Kirtland Shale cap layer.  Therefore, 
vertical migration in the vicinity of the injection location should be minimal and have little impact on USDWs.
Additional simulations show that lateral migration within the Fruitland Formation will be important.  The
timescale for these migrations would require additional modeling; however it is obvious that injection into the 
Fruitland Formation would cause migration of saline waters into areas classified as USDWs.  Therefore, injection 
into deeper formations with already high levels of salinity such as the Entrada Sandstone or Morrison Formation 
would eliminate many of the threats to USDWs.  The injection related flow paths would cause more significant 
migration of high TDS water south, where TDS levels are already above the allowable limit for USDW 
classification.
8. Conclusions
Based on the results of the simulation results and calculations in this study, long term subsurface storage has the 
potential to be successful and efficient in the San Juan basin. Pressure pulse migration and heat flow results suggest 
that injection into the Fruitland Formation may lead to problems that include USDW contamination and possible 
surface water contamination, but these would most likely occur over long periods of time. This is partially due to 
the fact that permeabilities are often underestimated on the basin scale, particularly within the Fruitland Coal 
formation, which was shown to be a significant aquifer and fluid flow conduit. If migration occurs it will most 
likely be lateral rather than vertical, due to the presence of the low permeability Kirtland Shale formation.
Additionally, simulations reinforced the Kirtland Shale as long term geologic cap layer, allowing a vertical 
migration to the surface over roughly 100 years only under maximum permeability conditions.
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